In this letter we present several new three and four-planet solutions based on the most current available radial velocity data for HD160691 (µAra). These solutions are optimised using the Planetary Orbit Fitting Process (POFP) which is programmed and executed in MATLAB. POFP is based on a full integration of the system's multiple-body Newtonian equations of motion and on a multi level optimisation utilizing a variety of algorithms. The POFP solutions are presented in the context of the Keplerian-based solutions already appearing in the literature which we have reproduced here for comparison. The different solutions and their properties are compared over all data sets separately and combined. The new solutions do not seem to exhibit instabilities and are both co-planar and three-dimensional. We also provide a comparative prediction of the published and new solutions showing their diversion in the near future. In the short term, this projection will allow to choose between the variety of solutions as further observations are made.
INTRODUCTION
In this paper we summarize our analysis to date of the planetary dynamics in the HD160691 (µAra) system. Based on the most current data available in the literature we reproduce two of the most important published solutions and provide several new ones. The new solutions provided were achieved through our Planetary Orbit Fitting Process (POFP), which is an optimisation software written and operated in MATLAB, based on the work in Windmiller (2006) and Windmiller, Short & Orosz (2007) . POFP provides multi-body solutions based on a full integration of the Newtonian equations of motion. Because of that, its solutions are general in their three-dimensional geometry and encompass all possible pathologies of the orbital dynamics. Optimising radial velocity (RV) data is an inverse problem, and therefore multiple solutions are expected to fit a single data set. In order to make a comparison between all solutions, previously-published Keplerian based solutions were translated into the same initial conditions used by the POFP scheme (i.e. the vectors of displacement and velocity in three dimensions at the given epoch) and reproduced in a setting allowing for gravitational interactions between all bodies in ⋆ E-mail: windmill@rohan.sdsu.edu the system. We include a near future prediction showing the dispersion between both published and two of the new solutions, that will allow to determine the properties of the system as more data are collected.
BACKGROUND
HD160691 is of spectral type G5V with T eff = 5807K and a stellar mass estimate of 1.08M ⊙ (McCarthy 2004). The Lick/Keck group reported in Butler et al. (2001) , based on 2 years of observations, the existence of an exoplanet with a period of about 2 years. With an additional two years of data, Jones et al. (2003) confirmed the first planet and reported a linear trend. McCarthy et al. (2004) based on a total of 5.8 years of observations confirmed the existence of a second planet. Using the HARPS instrument, the European group Bouchy et al. (2006) mounted an astroseismologic campaign to study the stellar oscillations of HD160691. Bouchy et al. stated, " The dispersion of each individual nights, in the range 1.5-2.5 ms −1 , is strongly dominated by the acoustic modes with period around 8 minutes...". In addition, they noted, "...the presence of low frequency (few hours) modulations in the Doppler signal with semi-amplitudes of 1-2 ms −1 which are not averaged by 15 consecutive independent observations". This provides a direct measurement of the nightly jitter for HD160691. These data along with additional measurements led to the claimed discovery of a small planet (minimum 14M ⊕ ) orbiting HD160691 with a period of 9.55 days by Santos (2004) . Goździewski et al. (2007) , and Pepe et al. (2007) , separately reported to have found a fourth planet. These last two are the 4 planet solutions we are augmenting here.
COMPARING THE VARIOUS SOLUTIONS
The solutions generated by POFP are general in their geometry, and result from the direct integration of the Newtonian equations of motion. Because of that, they encompass all of the possible dynamical behavior caused by interaction between all bodies in the stellar-planetary system.
The RV data sets we used for optimising solutions to the HD160691 system are those appearing up to this time in the literature: UCLES data (108 observations) in Butler et al. (2006) , and CORALIE (40 observations) and HARPS (86 observations) data in Pepe et al. (2007) . Two of the POFP solutions presented here are comparable in both RMS and RCS (reduced χ 2 ) to those presented by Pepe et al. (2007) and by Goździewski et al. (2007) . The third exhibits over the entire data the lowest RMS and RCS to date. The latter is co-planar, as are the two published solutions. The formers serve as a reminder that the RV data in and of themselves do not predicate co-planarity. As in the cases of the published solutions, however, stability must be a requirement. POFP's output allows for a basic graphical examination of the orbit for stability behavior. After examining the orbit following an integration of 4 × 10 6 days we have deepened our search for instability. This was done by looking for excursions in both the eccentricity and instantaneous semi-major axis for each planet over the time span. We found no instabilities but those may occur over a much longer integration time.
In the presentation of their solution, Goździewski et al. (2007) used a jitter 1 of 3.5 ms −1 (as reported in Butler 2006) and reported the parametric values valid at T = 2, 451, 118.89 [JD] . Pepe quadratically augmented the error estimates for the HARPS data by 0.8 ms −1 (which includes the jitter and other factors) and reported the parametric values valid at T = 2, 453, 000 [JD] . Any attempt to compare between these separate published solutions and those generated by POFP will require a common basis. Thus we have transformed the initial conditions of the published solutions to the POFP Instantaneous Keplerian Parameter (IKP) system and started the integration at the same epoch for all solutions.
The IKP parametrize a subset of all possible Newtonian initial conditions by requiring that these conditions for each planet instantaneously satisfy the Keplerian conditions for a bounded elliptical orbit. The IKP parameters are then given by the masses (of the star and planets) and, for the orbit of each planet, by (x, y, z), θ and e. These are each orbit's position of periastron, the "delay angle" from the periastron (comparable to the Keplerian orbital true anomaly), and eccentricity, respectively. In addition, the angular orientation of each orbital plane with respect to that of the first 1 for a definition of stellar jitter and a discussion of this concept see, for example, Wright 2005 planet is used (two angles/rotations are computed from the planet's periastron coordinates and the rotation about the star-periastron axis, τ , is given as an additional IKP parameter). The n-tuple of IKP is translated into Newtonian initial conditions for direct integration. The stellar velocity in three dimensions resulting from the integration is used to calculate the observer's direction from which this velocity best describes the RV data. This is done by using the singular value decomposition to optimise a least square solution for the 'look vector' pointing to the observer. The result is put in terms of the inclination and the argument of periastron (i, ω respectively), of the first orbit.
We note here that the published parameters are given to between 3 and 5 significant digits, thus limiting the accuracy of any reproduction of these solutions to this range of significant digits and limiting the RMS and RCS calculations to approximately 2 digits. We have chosen to use the planetary designations of Pepe et al. (2007) . In addition, we quadratically subtracted 0.4 ms −1 of the 0.8 ms −2 augmentation for jitter of the HARPS error estimates made by them. We have used an estimate for the stellar jitter of 2 ms −1 (and 2.5 ms −1 for the 3-planet cases) based on the comment of Bouchy et al. cited above. We have also looked at the residuals from all of the solutions separately for the two more accurate data subsets, HARPS and UCLES, in both time and frequency domain, and find that an assumption of 2 ms −1 adequately describes the dispersion for these residuals with no evidence of further planets beyond the four.
TABLES AND FIGURES
The parameters of the published solutions reproduced by POFP at T = 2, 451, 118.89 [JD] and translated to standard Keplerian form are shown in Table 1 . The slight change between these reproduced parameters and the ones actually published by Pepe et al. (2007) is due to planetary interaction during the time interval between our common initial condition time and their reporting time. The table continues with the parameters translated from the three 4-planet POFP solutions for the same epoch. The inclination found as a component of the optimal look-vector for each solution over the combined data set is: i = 90, 90, 90, 172.55, 161.19deg for the Pepe, Goździewski, POFP1, POFP2, and POFP3 respectively. The RCS and RMS values for the solutions, fitted against all data sets, are shown in Table 2 . Figure 1 shows the fit for the POFP1 solution with the residual velocities normally distributed. The orbital configuration of the POFP2 solution is shown in Figure 2 as seen through the observer's line of sight. The three dimensional shape of the orbit, shown in Figure 3 as the spread of points (each point is separated from the next by 1000 days) helps identify possible instabilities. The constancy of the orbits as well as the fact they don't cross is emphasized in Figure 4 , showing the apastra and periastra of the three outer planets. The dispersion in the POFP1, POFP3 and the published solutions' near-future prediction is shown in figure 5 . This paper has been typeset from a T E X/ L A T E X file prepared by the author. Pepe et al. (2007) . All other lines by either
Pepe or Goździewski are reproductions in POFP after translation from the original Keplerian scheme of Pepe et al. (2007) and Goździewski et al. (2007) . The change of parameters between the first and second lines attests to planetary gravitational interaction. a The number of degrees of freedom for the 3-planet cases is 14 for the reproduced solutions and POFP1, 18 for POFP2 and POFP3. For the 4-planet cases it is 19 for the reproduced solutions and POFP1, 25 for POFP2 and POFP3. The number of points for the Combined, HARPS, and UCLES data sets are 234, 86, and 108 respectively b in ms −1 c The jitter for the 3-planet cases is 2.5 ms −1 and for the 4-planet cases is 2.0 ms −1 . 0.4 ms −1 has been quadratically subtracted from the HARPS data. d Improvement in fit from the 3 to the 4-planet solution by adding a small short period planet
